8 In the present work microwave treatment of electric arc furnace dust (EAFD) mixed with 9 tetrabromobisphenol A (TBBPA) was investigated. A range of characterization techniques were 10 used to understand the thermal behaviour of TBBPA-EAFD mixtures under microwave pyrolysis 11 conditions. Dielectric and thermal properties of EAFD, TBBPA and their mixtures were 12 determined. Both the dielectric constant and loss factor of the mixture were found to vary 13 considerably with temperature and subsequently it was found that the mixtures of these materials 
Introduction
25 Electric Arc Furnace Dust (EAFD) is a waste by-product generated by the secondary steelmaking 138 2.5.X-Ray diffraction and TGA analyses 139 Representative EAFD sample, taken after prolonged manual mixing, was analyzed for its 140 mineral composition using X-ray diffraction analysis (XRD), furthermore, additional solid 141 samples were analyzed by XRD after microwave pyrolysis and after leaching experiments. A 142 Hiltonbrooks ® generator with a Philips ® PW 1050 diffractometer with an automatic divergence 143 slit, and Cu-Kα anode producing X-rays of wavelength λ= 1.54056 Aº was used.
144 Thermogravemetric (TGA) and differential thermal analyses (DTA) of the dust (EAFD) and 145 the plastic material (TBBPA) and their mixture containing 50wt % EAFD and 50wt% TBBPA 146 were performed using a TA-Q600 thermal analyzer. About 10 mg of the sample was placed in 147 fused alumina pan and heated at a heating rate of 10⁰C/ min under nitrogen with a flow rate of 50 148 ml/min. 
155
The chemical composition of the EAFD sample used in this work was reported elsewhere 156 [32] . The main elements present in the dust are:(in wt%) 25.9% Zn, 18% Fe, 4% Ca, 3.3% Na, 157 3.2% Pb, 2.8% Si, 1.8% K and 1.2% Mn. Calorimetry showed that dust contains 2.63 ± 0.03wt% 158 total carbon and 0.1wt% inorganic carbon suggesting that among mineral phases present in the 159 dust are carbonates such as calcium carbonates. 
Dielectric properties of the EAFD
161 The dielectric constant characterizes the capability of materials to absorb electromagnetic 162 radiation, whereas, loss factor denote the ability of materials to dissipate the adsorbed radiation 163 into heat. The dielectric constant and loss factor of EAFD were measured at two frequencies 170 Additionally, the ratio of dielectric loss to the dielectric constant is called loss tangent (ɛ"/ɛ').
171 When the loss tangent is above 0.05, the material is considered to heat well under microwave 172 irradiation. The loss tangent calculated for EAFD was found also to increase steadily with the 173 increase of temperature up to 300⁰C, then it increases considerably with a further increase of 174 temperature reaching a value of 0.3 at 600⁰C. 
224
The presence of EAFD with TBBPA altered the TGA decomposition profile of TBBPA. Two main 225 regions of mass loss can be seen in the TGA profile for the TBBPA-EAFD mixture, whereas, only 226 one mass loss was seen for pure TBBPA. The later corresponds to the decomposition of TBBPA 227 which ended at a temperature of 350⁰C; the corresponding mass loss was 75wt% of the initial 228 mass; the mass loss from EAFD alone at this temperature is only 2.5wt%. However, the mass loss 229 for TBBPA-EAFD at the first decomposition stage, ending at a temperature of 310⁰C, and was 230 21.5wt% although the decomposition event occurred at the same initial temperature. With the 231 mixture containing 50wt% TBBPA and the remainder consisting of EAFD; the expected mass loss 232 based on the losses of pure materials was determined to be 38.75wt% [29, 34] . The 17.25wt%
233 increase in residual mass found from the experiment is believed to be due to the HBr released not 
3.5.Recovery of valuable metals
274 The recovery of valuable metals was performed for a TBBPA-EAFD mixture of mass ratio 1:1.
275 This was performed in two stages; metals evaporated during microwave pyrolysis and metals 276 leached from the pyrolysis residue using boiling water 277 The recovered metals from EAFD-TBBPA pellets after microwave pyrolysis in the extraction 278 system is shown in Table 1 . The same experiment was repeated 6 times due to the great variations 279 in microwave coupling with the sample. Approximately 5wt% of zinc, 4wt% of lead and 6wt% of 280 cadmium were collected as metal bromide vapor. Other distinctive features observed (shown in 281 Table 1 ) was the absence of iron in the solution, implying that iron bromides were not evaporated 282 from the pellet.
283 Table 1 Valuable metals (wt%) recovered as condensate in the extraction system after microwave treatment. Table 2 shows the metal recovery from the TBBPA-dust mixtures after leaching of residues 285 obtained in hot water for 20 minutes. Both K and Na show high recovery in the leaching solution, 286 which is expected, as both K and Na are, initially, in the chloride form in the dust which are soluble 287 in water. Cadmium recovery was as high as 87wt% in the leaching solution, while the highest lead 288 and zinc recoveries were only 33wt% and 50wt%, respectively. These values were slightly lower 289 than those obtained after conventional pyrolysis followed by leaching of the solid residues of E-290 TBBPA1 (1 Dust: 1 TBBPA) [12] . With regards to iron, no more 1wt% was recovered in the 291 leaching solution and the remaining was mainly in the solid residue. This finding is of prime 292 importance, which suggests that excellent selectivity of dissolution of lead and zinc with respect 293 to iron, making further treatment of pregnant solution much simpler. Similar selectivity results 294 were obtained under conventional pyrolysis conditions [34] . Additionally, both calcium and 295 manganese showed good fixing capacity toward HBr.
Exp. # Ca
296 298 For a better understanding of the reaction occurring between metal oxides present in the dust and 299 the decomposition products of TBBPA (HBr and char), both SEM and XRD analyses of both 300 pyrolysis and leaching residues were performed.
301 The XRD patterns of solid residues after microwave pyrolysis, and after leaching with hot water 302 are shown in Figure 1 . Table 3 ). However, such alloy was not detected in the previous work by 103 GHz a forward and reflected power measurement system connected to a PC, a WR340 standard 104 rectangular waveguide operating in a dominate TE 10 mode coupled to a cylindrical choke section 105 (for sampling). The reaction system consisted of nitrogen cylinder fitted with a flow meter, a 106 vertical quartz tube fitted inside the vertical applicator, two 250 ml gas wash bottles connected in 107 series and operated as gas extraction system, and vent connected to external extraction system.
108 EAFD was mixed with TBBPA in a tumbling mill with ceramic balls at a mass proportion of 1:1.
109 The mixture was then made into cylindrical pellets of about 5g mass. A hydraulic oil press was 110 then used to compress approximately 5 g of the mixture at 180 kg f/cm 2 for 60 s.
111 To perform the microwave pyrolysis experiments the pellets were placed in a quartz tube 112 positioned vertically in the cylindrical microwave applicator. The sample was then irradiated with 113 microwave energy for a specified time and power level while nitrogen gas purged the reaction 114 system. In order to collect any soluble vapors, the produced gases were vented through two gas 115 wash bottles filled with water. Irradiation time was varied depending on the observations of the 116 reaction systems and also based on the temperature reading obtained by an optical pyrometer.
117 Microwave power was shut-off if arcing occurred.
118 At the end of the experiment, the solid residues were reweighed and removed from the quartz tube.
119 Hot water was used to wash out the whole extraction system to collect any water soluble 120 condensate. It was then analyzed for metal content using ICP. 121
2.3.Leaching of the microwave pyrolysis residues
122 The solid residue after microwave treatment was ground to a particle size of less than 1 mm and 123 then subjected to leaching in boiling deionized water for 20 minutes. The mixture was then filtered 124 and the leaching solution was then analyzed for the metal content. The remaining solid residues 125 were also analyzed by X-ray diffraction (XRD) and Scanning Electron Microscopy (SEM). 170 Additionally, the ratio of dielectric loss to the dielectric constant is called loss tangent (ɛ"/ɛ').
171 When the loss tangent is above 0.05, the material is considered to heat well under microwave 172 irradiation. The loss tangent calculated for EAFD was found also to increase steadily with the 173 increase of temperature up to 300⁰C, then it increases considerably with a further increase of 174 temperature reaching a value of 0.3 at 600⁰C. Table 2 shows the metal recovery from the TBBPA-dust mixtures after leaching of residues 259 obtained in hot water for 20 minutes. Both K and Na show high recovery in the leaching solution, 260 which is expected, as both K and Na are, initially, in the chloride form in the dust which are soluble 261 in water. Cadmium recovery was as high as 87wt% in the leaching solution, while the highest lead 262 and zinc recoveries were only 33wt% and 50wt%, respectively. These values were slightly lower 263 than those obtained after conventional pyrolysis followed by leaching of the solid residues of E-264 TBBPA1 (1 Dust: 1 TBBPA) [12] . With regards to iron, no more 1wt% was recovered in the 265 leaching solution and the remaining was mainly in the solid residue. This finding is of prime 266 importance, which suggests that excellent selectivity of dissolution of lead and zinc with respect 273 For a better understanding of the reaction occurring between metal oxides present in the dust and 274 the decomposition products of TBBPA (HBr and char), both SEM and XRD analyses of both 275 pyrolysis and leaching residues were performed.
276 The XRD patterns of solid residues after microwave pyrolysis, and after leaching with hot water 277 are shown in Figure 1 . Table 3 shows the main mineral phases identified in the samples (EAFD, 278 pyrolysis and leaching residue). After pyrolysis the peaks of zincite decreased considerably, 279 however, still present in the sample after pyrolysis and leaching which explains the low zinc 280 recovery which is also related to the presence of franklinite. This could be due to several reasons 281 the principal one being that the HBr released from the TBBPA was stoichiometrically not 282 sufficient to convert all of ZnO and ZnFe 2 O 4 to zinc bromide. It is worth mentioning that part of 283 HBr was reacted with NaCl and KCl to form both NaBr and KBr.
284 The presence of chloride salts also led to the formation of complex salts such as Na 2 ZnBr 4 , 285 Na 2 PbBr 4 , K 2 ZnBr 4 and K 2 PBBr 4 . Additionally, the presence of wustite in the pyrolysis residue is 286 an evidence of the partial iron oxide (magnetite) reduction.
287 SEM analysis of samples of the TBBPA-dust mixture after microwave treatment showed the 288 formation of lead-iron nodules as can be seen from Figure 6 . These lead-iron nodules were not 289 observed after conventional pyrolysis of the same mixture even at temperatures as high as 450 ⁰C 290 . This suggests that the treatment temperature was high enough to carbonize the TBBPA and 291 produce carbon that was able to reduce both iron and lead present in the dust. Such findings explain 292 the lower recovery levels of iron, lead and zinc. 
